The molecular basis of lymphangiogenesis remains incompletely characterized. Here, we document a novel role for the PDZ domain-containing scaffold protein synectin in lymphangiogenesis using genetic studies in zebrafish and tadpoles. In zebrafish, the TD arises from parachordal lymphangioblast (PL) cells, which in turn derive from secondary lymphangiogenic sprouts from the posterior cardinal vein (PCV). Morpholino knockdown of synectin in zebrafish impaired formation of the thoracic duct (TD), due to selective defects in lymphangiogenic but not angiogenic sprouting. Synectin genetically interacted with Vegfr3 and neuropilin-2a in regulating lymphangiogenesis. Silencing of synectin in tadpoles caused lymphatic defects due to an underdevelopment and impaired migration of Prox-1 + lymphatic ECs (LECs). Molecular analysis further revealed that synectin regulated Sox18-induced expression of Prox-1 and VEGFC-induced migration of LECs in vitro. These findings reveal a novel role for synectin in lymphatic development.
Introduction
The lymphatic vasculature regulates interstitial fluid homeostasis, fat resorption, immune defense, inflammation and cancer metastasis. The molecular basis of the lymphatic development remains incompletely understood 1 . Lymphatic endothelial cells (LECs) derive from venous blood endothelial cells (BECs) [2] [3] [4] [5] . Sox18 6 and Prox-1 [2] [3] [4] [5] , as well as miRNAs 7 , play a key role in this process. Intriguingly, despite their venous origin, formation of lymphatics relies in part on signals, that participate in arterial development.
For instance, the forkhead transcription factors Foxc1/2 are required for arterial specification and sprouting of LECs 8, 9 . Also, the PDZ interaction site in EphrinB2, in itself a marker of arterial endothelial cells (ECs), is essential for lymphatic development 10 .
Similarly, Dll4/Notch signaling regulates arterial and lymphatic development 11 .
Recently, we identified the PDZ domain-containing scaffold protein synectin (GIPC1) as a regulator of arterial but not venous growth 12 , at least in part through control of Vegfa signaling 13 . Prompted by the finding that similar factors control arterial and lymphatic development, we studied if synectin also regulated lymphatic development.
Although PDZ domain-dependent signaling is crucial for lymphatic development 10 , a role for synectin in lymphatic development has not been documented yet. We therefore explored a role of synectin in this process, using zebrafish and Xenopus tadpole models.
For personal use only. on September 14, 2017 . by guest www.bloodjournal.org From
Material and methods

ZEBRAFISH ANALYSIS
Fli1:eGFP y1 14 , Gata-1:DsRed zebrafish 15 and PLCγ y10 16 zebrafish were maintained under standard conditions. All morpholinos were previously reported and purchased from Gene Tools (LLC, Corvallis, Oregon, USA; Table S1 ). Different doses of morpholinos were injected into single-to four cell stage embryos, as previously described 12 .
Phenotyping is described in Supplement. All animal experimentation was approved by the K.U. Leuven institutional ethical committee.
XENOPUS ANALYSIS
The generation and characterization of transgenic Flk1:eGFP Xenopus laevis frogs will be reported elsewhere (manuscript in preparation). Eggs were obtained by natural mating of hormonally induced Flk1:eGFP females and wild-type males and injected with different doses of synectin-specific or control morpholinos (Gene Tools, Table S1 ) into the two cell stage 17 . Non-overlapping translational blocking synectin morpholinos were designed based on published GenBank Xenopus laevis sequences (NM_001088594) and morpholino efficiency was tested using an in vitro luciferase reporter assay 17 and immunoblotting (Supplement). Tadpoles were kept in tadpole growth medium (0.1xMMR) at 18°C until gastrulation was completed and from there on at 22°C 17 . Phenotyping is described in Supplement.
IMMUNOHISTOCHEMISTRY AND IN SITU HYBRIDIZATION
Fli1:eGFP y1 zebrafish embryos were fixed overnight in 4% paraformaldehyde/PBS at 4°C and processed for paraffin or cryo sectioning. 7µm sections were stained using a polyclonal chicken anti-human synectin antibody (Abcam, Cambridge, UK) and a rabbit anti-GFP antibody (Torrey-Pines Biolabs, East Orange, New Jersey, USA), which were then detected by using biotinylated anti-chicken (Abcam) and Alexa Fluor 488-conjugated
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For Xenopus in situ hybridizations, embryos were fixed in Memfa fixative and wholemount in situ hybridization using antisense probes for Prox-1 17 and synectin (primer sequence; Table S1 ) was performed as described 17 . Analysis of Prox-1-stained areas in the tadpole tail was performed as reported (Supplement) 17 . For zebrafish whole-mount in situ hybridization, dechorionated embryos were fixed overnight in 4% paraformaldehyde at 4°C. In situ hybridization was performed as described 12 , using antisense probes for (Table S1 ; primer sequences). The LEC spheroid and Sox18-mediated lymphatic reprogramming assays are described in Supplement. 
STATISTICAL ANALYSIS
Results
GENERAL REMARK: Supplementary items are preceded by "S" (for instance, Figure S1) 
SYNECTIN IS EXPRESSED IN LYMPHATIC ECS IN ZEBRAFISH
Since the expression of synectin in lymphatics has not been documented yet, we analyzed its expression pattern during lymphangiogenesis in zebrafish embryos. For reasons of clarity, we will briefly explain first how lymphatics develop in zebrafish ( Figure   S1 ) 11, 20, [22] [23] [24] [25] . The thoracic duct (TD) is the first perfused lymphatic, located between the dorsal aorta (DA) and posterior cardinal vein (PCV). Its development initiates between 30-50 hours post-fertilization (hpf) when secondary sprouts branch off dorsally from the PCV. Half of these sprouts are angiogenic, as they connect to primary (arterial) intersomitic vessels (aISVs), which thereby become venous ISVs (vISVs). The other half of these secondary sprouts is "lymphangiogenic" as they migrate dorsally to the horizontal myoseptum, where they form by 36-60 hpf a transient, non-lumenized string of parachordal lymphangioblast (PL) cells, termed so because they are precursors of LECs forming the TD. Beyond 60 hpf, PL cells navigate ventrally and dorsally alongside aISVs, with ventral sprouts migrating to their location between the DA and PCV to fuse and establish the TD (3 to 6 days post fertilization (dpf)).
We and others previously reported that synectin is expressed in the PCV when secondary lymphangiogenic sprouts form 12, 26 , but did not characterize its expression in lymphatic vessels. When using Fli1:eGFP y1 embryos, which express eGFP in blood and lymph vessels 14, 25 , we found by double immunostaining for GFP and synectin in 3 and 7 dpf embryos that synectin was expressed in the DA, PCV, PL cells and TD ( Figure 1A-F) .
Furthermore, in agreement with previous findings 12, 26 , synectin was detectable in the head (not shown) and in the neural tube, pronephric duct, somites and gut ( Figure 1A-F Figure 2A -B and Table S2 ). The remainder of the blood vasculature in the head, trunk, tail and subintestinal vessels developed normally, had a normal size and shape, and exhibited comparable branching and density ( Figure S3 ). Blood flow in large axial vessels and ISVs was normal in 2 dpf synectin KD Gata-1:DsRed embryos, harboring tissue malformations, edema or toxic signs were analyzed. We will further refer to synectin KD embryos without mentioning that silencing was "incomplete".
SILENCING OF SYNECTIN IN ZEBRAFISH IMPAIRS TD FORMATION
We studied TD formation by measuring its length at 7 dpf, when this vessel was completely formed in control embryos, using previous methods
11
. Briefly, the TD length was measured in 10-somites and expressed as % of this trunk fragment ( Figure S4 ) 11 .
Since the penetrance of the lymphatic phenotype was variable (Note S1 Figure S1 ) 11 .
In control embryos, injected with a 5 base pair mismatch morpholino (Syn Ctr ), the TD developed as a continuous lymphatic by 7 dpf ( Figure 3A ,C,E and Table S3 ). In contrast, 32% of synectin KD embryos completely lacked a TD by 7 dpf ("severe" defects; Figure 3B ,D,E and Table S3 ). Follow-up studies further revealed that TD development was not rescued at 10 dpf ( Figure S3E -F), indicating that lymphatic formation was aborted and not merely delayed in these synectin KD embryos. In another 14% of morphants, TD rudiments developed over only 1 to 3 somites into an incomplete string of disconnected segments ("intermediate" defects; Figure 3E and Table S3 ). Incomplete TD formation over 30-90% of its normal length was further observed in 36% of synectin KD embryos ("subtle" defects; Figure 3E and Table S3 ), while TD development was normal in the remainder of the morphant embryos. Since the TD develops in a metameric pattern (see above), the finding that the TD formed over for instance only 20% of its length implies that TD development was aborted in the eight other of the ten somites analyzed.
Thus, silencing of synectin aborted lymphatic development completely in all somites in a third of all morphants, and partially in a fraction of the somites in another 50% of the morphants.
KNOCKDOWN OF SYNECTIN IMPAIRS EARLY LYMPHATIC DEVELOPMENT IN ZEBRAFISH
We then explored whether the TD defect in synectin KD morphants was related to a defect in PL formation by quantifying its length in 10 somites in Fli1:eGFP y1 embryos at 60 hpf (using a similar method as used for the TD). In control embryos, PL cells were detected in nearly every somite segment ( Figure 4A ,C and Table S4 ). By contrast, the PL was absent in 28% of synectin KD embryos (Figure 4B-C and Table S4 ) or formed over only 10-30% of its normal length in another 27% of morphants ( Figure 4C and Table S4 ).
An additional 40% of synectin KD embryos displayed PL cells in only 3 to 9 somites, while in the remaining 5%, the PL string developed normally. The close correlation between TD and PL defects suggests that silencing of synectin impaired early lymphatic formation.
KNOCKDOWN OF SYNECTIN IMPAIRS SECONDARY SPROUT FORMATION
We then evaluated whether absence of PL cells resulted from lymphangiogenic sprout defects. In case lymphangiogenic but not angiogenic sprout formation would be defective, we expected that 50% of all secondary sprouts would be affected / absent.
Several assays were used to address this issue. First, we used whole-mount in situ staining for Tie-2 to identify both angiogenic and lymphangiogenic secondary sprouts at 
SILENCING OF SYNECTIN DOES NOT ALTER SECONDARY ANGIOGENIC SPROUTING
We then assessed whether synectin silencing impaired lymphangiogenic sprouting using an indirect method, i.e. by counting the number of ISVs that were connected to the PCV (vISVs), as the latter are established when angiogenic secondary sprouts connect to primary ISVs. Since a comparable fraction of lymphangiogenic and angiogenic sprouts normally emanates from the PCV, a normal number of vIVSs, in combination with a reduced total number of secondary sprouts, would be evidence for defective formation of lymphangiogenic sprouts. In control 4 dpf Fli1:eGFP y1 embryos (N=29), 55% of the ISVs were connected to the PCV and thus venous, while the remaining fraction was connected to the DA and hence arterial ( Figure 4I ). Notably, in the most severely affected synectin KD embryos, lacking the PL completely or forming only a partial PL in 30% of the somites (N=18), half of the ISVs was still connected to the PCV ( Figure 4I ), showing that angiogenic sprouts normally emanated from the PCV and implying that lymphangiogenic sprouting was impaired in synectin KD embryos. As a lymphangiogenic sprouting defect might reflect a defect in migration and/or emergence of the lymphatic lineage, but the dynamics of Prox-1 expression during lymphatic differentiation can be better visualized in frog than zebrafish embryos, we resorted to tadpoles, a previously validated model to study lymphangiogenesis 17 , to dissect the underlying mechanism in more detail.
KNOCKDOWN OF SYNECTIN IMPAIRS LYMPHANGIOGENESIS IN TADPOLES
We first analyzed synectin expression in tadpoles. In agreement with previous We then evaluated whether silencing of synectin impaired lymphatic development.
In tadpoles, BECs from the PCV, expressing Prox-1, migrate ventrally to form the VCLV, or dorsally to the level of the DLAV to establish the DCVL 17 . To knockdown synectin, Flk1:eGFP tadpoles were injected with the non-overlapping morpholinos xSyn ATG1 or xSyn ATG2
, targeting the ATG of the Xenopus laevis synectin mRNA. As both morpholinos blocked translation ( Figure S6 ) and caused indistinguishable phenotypes (Table S5) Figure 5A -B and Table S5 ). In line herewith, blood flow in axial vessels was normal in most tadpoles (Table S5) .
To characterize lymphatic development, we focused on the formation of the VCLV and DCLV. LECs in Flk1:eGFP tadpoles were labeled with TRITC-dextran to distinguish them from GFP + BECs. Imaging of control tadpoles at stage 47 revealed that the DCLV and VCLV formed a regular continuous vessel over its entire length ( Figure 5A ,C,E). By contrast, in 57% of synectin KD tadpoles, the DCLV was incompletely formed and dysmorphogenic, consisting of isolated LEC clusters, distributed discontinuously over the trunk ( Figure 5B ,D and Table S5 ). The VCLV appeared largely normal in most synectin KD tadpoles, at least morphologically, while other morphants showed an irregular structure ( Figure 5B,F). Lymphangiography at stage 45 revealed that the DCLV and VCLV were functional in all control tadpoles (not shown and Figure 5G ). When analyzing the DCLV in 15 synectin KD tadpoles, the dye was not drained at all or only over a short distance, indicating that this lymphatic was dysfunctional (not shown). Similarly, despite its
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We previously noticed that the DCLV is more severely affected than the VCLV upon silencing of Vegfr3 17, 31 , Vegfc (unpublished) or Liprinβ-1 32 , presumably because LECs, arising from the PCV, have to migrate further to form the distant DCLV than the nearby VCLV. In line with these findings, 32% of synectin KD tadpoles suffered lymphedema around the heart and gut ( Figure 5I -J and Table S5 ). Thus, synectin also regulates lymphatic development in the tadpole model.
SYNECTIN REGULATES LYMPHATIC DIFFERENTIATION AND MIGRATION IN TADPOLES
The tadpole model allows to study effects on LEC differentiation and migration 17 .
To explore whether lymphatic differentiation or migration were impaired in synectin 
SYNECTIN GENETICALLY INTERACTS WITH VEGFC/VEGFR3
We then explored how synectin regulated LEC migration, using the Fli1:eGFP y1 zebrafish model. Amongst the possible interacting partners of synectin, we focused on neuropilin-2 (Nrp2), as it contains a PDZ-domain 33 and regulates, as a co-receptor of Vegfr3 34, 35 , lymphatic sprouting in mice 36, 37 . Vegfc stimulates LEC migration through Vegfr3 signaling in mice 1, 38, 39 , zebrafish 20, 40 and tadpoles 17, 31 . Since Vegfr3 is the signaling receptor of the Vegfr3/Nrp2 complex, and silencing of synectin phenocopies the lymphatic defects induced by silencing of Vegfc or Vegfr3 in zebrafish 20, 40 and tadpoles 17, 31 , we first assessed if synectin and Vegfr3 genetically interacted, by testing whether a To silence Vegfr3, we used the previously characterized Vegfr3 ATG1 morpholino 40 . This analysis revealed that, compared to each single knockdown, the combined knockdown Figure 6C ). We therefore assessed whether angiogenic or lymphangiogenic secondary sprouts were affected in synectin L-KD xVegfr3 L-KD embryos, by counting the number of vISVs in 4 dpf Fli1:eGFP y1 embryos (for rationale, see above).
In line with reports that Vegfr3 regulates angiogenic secondary sprouting 40 We then analyzed whether synectin genetically interacted with Nrp2a. A low dose of Nrp2a ATG1 (Nrp2a L-KD ) or Syn ATG1 (Syn L-KD ) minimally affected TD formation ( Figure   6L ). In contrast, knockdown of both genes by combined injection of a low dose of both morpholinos severely impaired lymphatic development, as the TD was absent in 30% of synectin L-KD xNrp2a L-KD morphants (P<0.001 versus single knockdown; Figure 6L ). Similar findings were obtained when analyzing the PL (not shown).
Notably, however, Nrp2a knockdown did not affect secondary sprout formation in PLCγ1 y10 xFli1:eGFP y1 embryos ( Figure S7B ). Co-knockdown analysis did also not reveal a genetic interaction between synectin and Nrp2a in secondary sprout formation ( Figure   S7E ) (see below for discussion). Thus, our findings are consistent with a model, whereby 
SYNECTIN MEDIATES VEGFC/VEGFR3-DRIVEN LEC SPROUTING IN VITRO
Since synectin regulates LEC migration in tadpoles and genetically interacts with Vegfr3, known to stimulate LEC migration 1, 31, 39 , we examined whether synectin knockdown inhibited sprouting of cultured human dermal LECs (HDLECs) in response to VEGFC. We silenced synectin expression in LECs by using simultaneously two nonoverlapping synectin-specific siRNAs. qRT-PCR analysis showed that synectin mRNA levels in HDLECs were reduced by 80% (not shown). HDLECs treated with control or synectin-specific siRNA were aggregated as spheroids and lymphatic sprouts were visualized by CD31 immunostaining. VEGFC stimulated lymphatic sprouting in control spheroids (N=17; Figure 7A ,C,E), but synectin KD HDLECs formed substantially fewer sprouts in response to VEGFC (N=26, P<0.001; Figure 7B ,D-E).
INITIAL EVIDENCE FOR A ROLE OF SYNECTIN LYMPHATIC DIFFERENTIATION IN VITRO
The reduced number of Prox-1 + cells in the ventral region in synectin KD tadpoles suggested a role for synectin in lymphatic differentiation. In mice, Sox18 acts upstream of Prox-1 during this process and lymphatic reprogramming is mimicked in vitro by overexpression of Sox18 in venous ECs 3, 6 . We therefore overexpressed Sox18 in murine H5V BECs, transfected them with control or synectin-specific siRNA at day 0, and analyzed lymphatic marker expression on day 7, as reported 6 . The siRNA transfection procedure was repeated on day 3 to maintain prolonged synectin silencing until 7 days, when synectin mRNA levels were reduced by 60% (not shown).
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Discussion
The present study provides genetic evidence for a role of synectin in early lymphatic development. In zebrafish and frog embryos, knockdown of synectin dosedependently impaired and, in the most severely affected embryos, even aborted lymphatic formation. Several lines of evidence suggest that TD defects in synectin KD zebrafish were due to defects in lymphangiogenic sprout formation from the venous system. First, lymphangiogenic sprouts, that give rise to PL cells, i.e. precursors of LECs forming the TD, were underdeveloped or, in the most severely affected morphants, did not form at all in synectin KD embryos. In the ccbe1, Vegfc or Vegfr3 mutants, lack of formation of these lymphangiogenic sprouts also aborts further lymphatic development 20, 40 . Second, the fraction of synectin KD embryos without TD closely correlated with the fraction of morphants without lymphangiogenic sprouts and PL cells. Third, the missing secondary sprouts in synectin KD embryos were lymphangiogenic and not angiogenic, since these embryos developed at the expected ratio vISVs, the formation of which requires normal angiogenic secondary sprouting.
So far, silencing of only a few other genes (Ccbe1, Vegfc or Vegfr3) is known to abort lymphangiogenic sprouting, the formation of the PL and TD 20, 40 . However, in these morphant embryos, branching of angiogenic sprouts from the PCV was also impaired 20 .
By contrast, in Dll4/Notch hypomorphants, the fraction of angiogenic sprouts is increased at the expense of lymphangiogenic sprouts 11 . It is thus noteworthy that synectin silencing selectively impaired lymphangiogenic without affecting angiogenic secondary sprouting. 13, 43 . By analogy with Vegfr2/Nrp1, it is tempting to speculate that synectin might perhaps also participate in Vegfr3 endocytosis, at least partially, via an interaction with Nrp2.
Supporting this model, Vegfr3 not only colocalizes with Nrp2 during endocytosis upon stimulation by Vegfc and Vegfd
35
, but internalization is also required for proper Vegfr3 signaling 44 . Since synectin modulates Vegfr3-driven lymphangiogenic but not angiogenic sprouting, it is tempting to speculate that synectin-mediated endocytosis regulates distinct Vegfr3 signaling pathways. Elucidation of the underlying molecular details will require future study.
Lymphatic defects were unlikely to be secondary to angiogenic alterations, as the PCV formed normally and expressed proper venous markers in synectin KD embryos, consistent with findings that synectin is dispensable for venous morphogenesis
12
. Also, the DA and primary aISVs formed normally and expressed arterial markers upon incomplete silencing of synectin. In fact, alterations in arterial identity or morphogenesis are unlikely to perturb lymphangiogenic sprouting or cause the type of lymphatic defects, 16, 25 . Also, we and others 22 observed that lymphatic development is nearly normal upon silencing of Vegfaa or Kdr-like, two well established regulators of arterial morphogenesis and specification 45, 46 .
A limitation of our study is that Prox-1 levels in the PCV at the time of lymphatic The role of Sox18 in lymphatic development in tadpoles and zebrafish has not been documented yet but, interestingly, silencing of Sox18 (in combination with Sox7) in zebrafish impaired venous ECs, from where LECs differentiate [47] [48] [49] . Notably, since PDZdependent binding has been reported for some of the SoxA family members 50 , a possible interaction of synectin with Sox18 is an exciting possibility, that remains to be further investigated.
In conclusion, synectin regulates lymphangiogenesis in zebrafish and tadpoles through genetic interactions with Vegfr3 and Nrp2a.
For also Table S3 ). We quantitatively analyzed TD formation by scoring its presence in 10 consecutive somite segments (from somite 5 to somite 15).
FIGURE 4: KNOCKDOWN OF SYNECTIN IMPAIRS EARLY LYMPHATIC DEVELOPMENT IN ZEBRAFISH.
In all panels, the head of the embryo faces left and dorsal is up. Scale bars represent In all panels, the head of the embryo faces left and dorsal is up. For personal use only. on September 14, 2017. by guest www.bloodjournal.org From
